The second half of the 1980s is certain to be considered a turning point in the study of ion channels. Within the last few years, monumental advances in the application of molecular biology, single-channel recording, and direct molecular characterization have been brought to bear on the problem of relating the molecular structure of the ion channel proteins to their function in the cell membrane. Structure-function relationships can now be studied at a level of detail that was unimagined a decade ago. Recently, advances made with the techniques of molecular biology appear to have dominated the literature in this field; however, innovative strategies of structural characterization and electrical measurements of functioning channels in native and artificial membranes continue to break new ground. This paper is a selective review of current progress in understanding structurefunction relationshipsin ion channels. The relative use-
of molecular biology, single-channel recording, and direct molecular characterization have been brought to bear on the problem of relating the molecular structure of the ion channel proteins to their function in the cell membrane. Structure-function relationships can now be studied at a level of detail that was unimagined a decade ago. Recently, advances made with the techniques of molecular biology appear to have dominated the literature in this field; however, innovative strategies of structural characterization and electrical measurements of functioning channels in native and artificial membranes continue to break new ground. This paper is a selective review of current progress in understanding structurefunction relationshipsin ion channels. The relative usefulness of determining amino acid sequences of channel proteins together with the resulting deductions about 3-dimensional structure and function will be evaluated with respect to the potential importance of studying the channel molecules more directly by biochemical, immunological, and electrophysiological methods. A full understanding of the details of channel structure and its relationship to function may be realized in the near future as a resultof the interdisciplinary application of biophysical,biochemical, and molecular biologicaltechniques.-
KRUEGER,
B. K. Toward an understanding of structure and function of ion channels. FASEB j 3: 1906-1914; 1989 A major breakthrough occurred in the 1960s with the discovery and characterization of tetrodotoxin (TTX), the highly potent and selective inhibitor of the nerve Na conductance.
This substance was used as a pharmacological tool not only to simplify the nerve membrane conductance pattern by eliminating the Na conductance, but also to provide direct evidence for the first time that the Na and K conductance pathways are probably separate and discrete entities. Moreover, the high affinity of toxin binding (K1 intothe native 3-dimensional structure of the channel, form the aqueous transmembrane pore, and 4) sitesfor glycosylationin portions of the sequence facingthe externalsideand regulatoryphosphorylation siteson cytoplasmic segments. These elements may be generated by the associationof multiple distinctsubunits (as in the case of the AChR) coded by multiple genes or, as has been found for the Na chan- Much recent work has concentrated on points 3 and 4, which are discussed in more detail below.
Channel immunochemistry
Analysis of the primary amino acid sequences of several channels has led to proposals about the folding of the channel proteins on the basis of the number of hydrophobic, putative membrane-spanning regions (8, 37, 38, 49 by ACh and that of cardiac Ca channels by /3-adrenergic and angiotensin activation (60). In neurons, a number of transmitters and neurohormones (e.g., catecholamines, ACh, opioids, -y-aminobutyric acid) inhibit Ca2 influx through voltage-gated Ca channels (59). This effect is thought to be mediated by another G protein, and may function via presynaptic autoreceptors in a negative feedback system to terminate transmitter release. The potentialimplicationsof dual regulation(i.e., by both G protein-mediatedsecond messenger production and direct channel modulation by G proteins) are not presentlyunderstood, nor isthe molecular nature of the interactionsbetween G protein subunits and the channel proteins. The possible difficulties in maintaining selectivity with similar G proteins throughout the transduction process are discussed by Neer and Clapham (61).
INTERDISCIPLINARY APPROACH: A WINDOW ON THE FUTURE
The progressof the past 10 years has largelyresultedfrom innovative work in the fields of channel biophysics, biochemistry, or molecular biology. We can expect that in the next decade the merging of two or all three of these Voltage sensor-lipid charge relationships Incorporation of channels into planar lipid bilayers provides the opportunity to examine the effect of lipid composition, especially head group charge, on channel function. The effect of lipid charge on ion permeation through channels has been studied for sarcoplasmic reticulum K channels, Ca-activated K channels, Ca channels, and Na channels (66). For all but the Na channels, the mouth of the channel pore appears to be 1-2 nm from the negatively charged lipid head groups; the Na channel pore appears to be at least 3-4 nm from the lipids. Probably the large mass of the Na channel isolates the pore from the lipids. Recently, the effects of surface charges on Na channel gating have been studied in planar bilayers of defined lipid charge (67). External or internal Ca2 altered channel gating as if the membrane potential were being hyperpolarized or depolarized, respectively. This was observed in bilayers containing only neutral lipids, which indicated that Ca2' could affect gating by interacting directly with the channel protein on both sides of the channel, possibly by asymmetrically altering the surface potential. The effect of internal and external Ca2 was consistently larger in negative lipids, which demonstrated that the gating machinery is dose enough to the edge of the channel to be affected by the electric field across the lipid. These results are illustrated in Fig. 2 
